Abstract. By means of the velocity sedimentation technique for cell separation, single cell suspensions from the testes of the mouse could be separated into at least seven peaks each with a different sedimentation velocity. These were named and characterized as follows: a (12 mm/hr); # (10 mm/hr); y (6.5 mm/ hr); a (4.3 mm/hr); 0 (broad peak with median 2.5 mm/hr); K (1.1 mm/hr); X (0.75 mm/hr). Tritiated thymidine was injected into thirty groups of mice. The spermatogonial cells of each group were separated at one hour and then at daily intervals, and the acid insoluble activity of each fraction was measured. This method enabled us to determine the differentiation patterns of mouse spermatogenesis by following the thymidine label with time. It was found that the spermatogonia and primary spermatocytes formed the 0 peak with S-phase spermatogonia and primary spermatocytes having a similar sedimentation velocity of 2.1 mm/hr. The ,3 cells were identified as late pachytenes and diplotene cells, the y cells as secondary spermatocytes, the 6 cells as earliest spermatids, the K cells as spermatids, and the X cells as mature spermatozoa.
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Introduction. Spermatogenesis provides a unique system for the study of cell differentiation in higher animals. Spermatogonial cells differentiate in a highly synchronous fashion into only one type of differentiated cell, the spermatozoon,1 and in this process the differentiating cells exist in both the diploid and haploid forms. However, the potential of mammalian spermatogenesis to provide an insight into the mechanisms of differentiation has been severely limited by our Methods. Preparation of cell suspensions: Suspensions of single testis cells were prepared by a method designed to produce a minimum of trauma to the cells. The tubules from the testes of 8-to 10-week-old (C3H X C57BL)F1 mice (View-Farm, Clinton, Tenn.) were placed on a petri dish in a small quantity of phosphate-buffered saline (PBS) and were cut ifito short segments by an array of 50 stainless steel razor blades with edges spaced at 0.2 mm. The suspension was washed with 5 ml of PBS into a centrifuge tube where it was pil)etted up and down a Pasteur pipette several times and allowed to settle for 5 min. The tubules, then virtually free of cells, sedimented to the bottom free from the desired cell suspension.
Separation method: The sedimentation chamber (Fig. 1) , similar to that designed by Miller and Phillips, was loaded at a rate of about 10 ml/min with 20 ml PBS solution followed by 10 ml of cell suspension containing 2 X 107 testis cells in 0.5% bovine serum albumin (BSA, Calbiochem, Fraction V, B grade) dissolved in PBS, and 750 ml of a 1-3% linear BSA gradient in PBS. After 4 hr of sedimentation at 40C and unit gravity the sedimentation chamber was drained from the bottom at a rate of about 10 ml/min and fractions were collected with an automatic fraction collector. 135 4 0.5 fractions of 5.5 ml were collected, each fraction corresponding to a sedimentation distance of about 0.5 mm. The sedimentation velocity of a spherical particle depends linearly on both the difference between the density of the particle and the medium, and the crosssectional area of the particle. Thus the separation observed in Figure 2 may be due to differences between the density or the volume of the particles. In order to determine which of these effects was predominant, a suspension of testis cells was prepared, separated and the volumes of the separated cells were measured. Volumes of cells in each fraction are plotted as a function of sedimentation velocity for that fraction in Figure 3 . The graph, which is on logarithmic scales, shows that the cell volume varies as sedimentation velocity to the 1. 5 Morphological characterization of the sedimentation classes of spermatogonial cells: The previous results show that the various classes of spermatogonial cells can be separated from each other on the basis of their size differences by velocity sedimentation. It was next of interest to determine whether these classes of cells could be identified morphologically. To this end cells from each of the fractions were examined after staining with Giemsa. It was found that the peak labeled X (Fig. 2) As a preliminary to the kinetic experiment, it was first important to determine whether thymidine labeling was restricted to only one or two of the sedimentation classes of cells and to determine which of these were involved. Accordingly, mice were injected with tritiated thymidine and were sacrificed one hour later. A suspension of testis cells was prepared and separated as previously described. Typical results of such an experiment are shown on Figure 4 , panel 1. For comparison purposes, sedimentation values for each of the peaks (Fig. 2) are shown above the graph. It is clear that thymidine labeling is restricted to only a few of the fractions, associated mainly with the 0 peak. The sedimentation velocity of the one-hour labeled cells, however, is at the low velocity side of the 0 peak, being 9 In view of these findings, it was then theoretically possible to determine the differentiation pathway in spermatogenesis by initially labeling the DNA of spermatogonia and primary spermatocytes with thymidine and then following their differentiation into various classes of spermatogonial cells with time. To this end, twenty-eight groups of three mice each were injected interperitoneally with tritiated thymidine (1 ACi/gm weight of animal, a level known to produce little effect on mouse spermatogenesis6). One to twenty-eight days after injection, groups of these mice were sacrificed, suspensions of testis cells were fractionated, and the acid precipitable activity in each of the fractions was determined. The number of cells within each fraction and the total radioactivity remained constant over this period of time. The activity in each of the fractions observed from 1 hr to 23 days after injection is shown in Figure 4 . The thymidine label appears to move from one peak to another in a highly synchronous fashion, and the radioactivity peaks correspond in most cases to the peaks in the cell number which are shown above the figure. On the basis of the kn own steps in differentiation during spermatogenesis, the morphological characterization of some of the cell-size peaks, and the fact that thymidine label initially goes into the spermatogonia and primary spermatocytes, our results can be interpreted as follows:
On day 0, only one labeled peak (2.1 mm/hr) is obtained, indicating that the S-phase spermatogonia and primary spermatocytes have similar sizes with a sedimentation velocity of 2.1 mm/hr.
One day 1, two peaks of approximately equal magnitude were observed. The peak at 1.5 mm/hr represents the spermatogonial cells that have just undergone mitotic division since these cells are smaller than the S-phase spermatogonia. The peak at 2.5 mm/hr belongs to the primary spermatocytes that have just passed through the meiotic S-phase.
On day 2, the peak at 1.5 mm/hr disappears and a single major peak with sedimentation velocities between 2.1 to 2.7 mm/hr is observed. This implies that the day-i labeled 1.5 mm/hr cells have grown in size and either regenerated to become spermatogonia or differentiated into primary spermatocytes.
From day 3 to day 6, essentially no change is found in the distribution of thymidine label, indicating that the label remains associated with the same cells throughout this period.
On day 7 a dramatic shift occurs, in that half the counts appear in the cells that sediment between 8-9 mm/hr. This indicates that these labeled cells enlarged their volumes sixfold in about one day.
From day 9 to day 11, about half of the total counts appear with the f3 cells (10 mm/hr). The gradual disappearance of the previously labeled 0 cells (2.5 mm/hr) can be noticed. On day 12 two-thirds of the counts in the ,B cells disappear and become associated with the y (6.5 mm/hr) and 6 (4.3 mm/hr) cells.
It can be seen from Figure 3 (1.1 mm/hr). This reduction in sedimentation velocity, and therefore volume, presumably corresponds to the loss of cytoplasm during the maturation of the spermatids.
The major changes from day 14 to day 19 involve movement of the label into the K peak, accompanied by the disappearance of the y and later the 5 peak.
On day 19, some activity moves from the K peak to cells with velocity between 3.6 to 3.9 mm/hr. Activity remains in this peak from day 20 to day 22 and perhaps returns to the K peak on day 22. Thymidine label first appears on the X peak (spermatozoa, 0.75 mm/hr) on day 22. The first labeled spermatozoa are found in the vas deferens on day 26.
Discussion. A summary of our findings concerning the differentiation pathway for spermatogonial cells of the mouse is presented in Figure 5 and the different classes of cells are characterized in Table 1 . The combination of DNA labeling and cell separation methods has allowed us to follow the kinetics of differentiation in spermatogenesis. At least seven distinct size classes of cells can be distinguished clearly by the velocity sedimentation method. We find, however, that the sedimentation velocities of the day 0 and day 1 labeled cells do not fit those size classes exactly. Since the sedimentation values are extremely reproducible, this indicates that there are probably subclasses of some of the cell populations. These could involve small changes in size or density. The most important differences are associated with cells around the region of the 0 peak (2.5 mm/hr). On the basis of results from day 0 and day 1 labeling experiments, we assume that there are a number of subclasses of 0 cells. Similar arguments apply to the K cells. The differentiation pathway of spermatogenesis of the mouse determined by velocity sedimentation and thymidine labeling is in good agreement with previous work using autoradiographic and morphological techniques.7 While our experience with velocity sedimentation separation of spermatogonial cells is only preliminary, it seems probable that the method will greatly facilitate the study of mammalian spermatogenesis. Such a study may in turn prove to be an excellent model system for studies on the mechanisms of differentiation and genetic processes in meiosis in higher organisms. 1 Oakberg, E. F., Nature, 180, 1137, 1497 (1957).
2Miller, R., and R. Phillips, J. Cell. Physiol., 73, 191 (1969) .
